Methylation of the fragile X-related epigenetic element 2 (FREE2) located on the exon 1/intron 1 boundary of the FMR1 gene is related to FMRP expression and cognitive impairment in full mutation (FM; CGG>200) individuals. We examined the relationship between age, the size of the FMR1 CGG expansion and the methylation output ratio (MOR) at 12 CpG sites proximal to the exon 1/intron 1 boundary using FREE2 MALDI-TOF MS. The patient cohort included 119 males and 368 females, i.e. 121 healthy controls (CGG<40), 176 premutation (CGG 55 -170) and 190 FM (CGG 213 -2000). For all CpG units examined, FM males showed a significantly elevated MOR compared with that in hypermethylated FM females. In FM males the MOR for most CpG units significantly positively correlated with both age and CGG size (P < 0.05). In FM females the skewing towards the unmethylated state was significant for half of the units between birth and puberty (P < 0.05). The methylation status of intron 1 CpG10 -12 that was most significantly related to cognitive impairment in our earlier study, did not change significantly with age in FM females. These results challenge the concept of fragile X syndrome (FXS)-related methylation being static over time, and suggest that due to the preference for the unmethylated state in FM females, X-inactivation at this locus is not random. The findings also highlight that the prognostic value of FXS methylation testing is not uniform between all CpG sites, and thus may need to be evaluated on a site-by-site basis.
INTRODUCTION
Fragile X syndrome (FXS) is the most common heritable form of intellectual disability with the frequency of 1 in 3600 in males and 1 in 6000 in females in the general population (1) . It is also the major genetic cause of autism, accounting for between 2 and 6.5% of all individuals diagnosed with comorbid autism disorder (AD) (reviewed in 2). FXS usually results from the lack of the expression of the FMR1 gene due to methylation of its promoter and loss of its protein product (FMRP), which is essential for normal neurodevelopment (3 -5) . Large expansions (.200) of a trinucleotide CGG repeat located in the 5 ′ untranslated region of FMR1 are termed full mutation (FM), and are usually associated with the FXS phenotype (6) .
Premutation (PM) alleles (55 -199 repeats) are much more common (1 in 600 males and 1 in 300 females) than FM alleles, and have been primarily linked to late onset disorders including the fragile X-associated tremor/ataxia syndrome (FXTAS) (7) and fragile X-associated primary ovarian insufficiency (FXPOI) (8) . Although PM alleles do not cause FXS, there is also some evidence to suggest that these alleles are associated with attention deficit-hyperactivity disorder, autism and learning deficits (9, 10) . These neurodevelopmental conditions may be related to a small decrease in FMRP which has been reported in the PM carriers (11) . A toxic effect of the elevated expanded FMR1 mRNA observed in PM carriers has also been suggested to contribute to some of these phenotypes (7, 12, 13) as well as to the PM-related late onset disorders (7, 14, 15) . Thus, the combination of RNA toxicity and decrease in FMRP is thought to contribute to clinical heterogeneity, particularly in PM/FM mosaics and can confound the predictive value of CGG-based testing in molecular diagnosis of FXS.
Methylation-sensitive Southern blot analysis is the current 'gold standard' test that provides information on the number of the CGG repeats and methylation status for all types of FMR1 alleles. One of its limitations is that it targets methylation of only a few CpG sites within the FMR1 CpG island located 5
′ of the expansion (16) and the methylation status of these few sites does not necessarily represent that of the entire promoter region (17, 18) . We have recently developed a test for FXS targeting methylation of specific biomarker CpG sites located 3 ′ of the CGG expansion, predominantly within the FMR1 intron 1 region named fragile X-related epigenetic element 2 (FREE2). In a pilot cohort, methylation of the FREE2 intron 1 sites could be used to identify cognitively impaired FM males and females with specificity and sensitivity approaching 100%, but could not distinguish between PM carriers and healthy controls or between PM carriers and high functioning males with unmethylated FM alleles (17, 19) . This involvement of intronic sites suggests that the FMR1 promoter is in fact much larger than the CpG island and extends intragenically 3
′ of the CGG expansion into exon 1 and the non-coding portion of the gene. In this study, we have performed FREE2 methylation analysis in a much larger cohort of FMR1 expansion carrier males and females, and have examined the relationships of FMR1 exon 1 and intron 1 methylation, the size of the FMR1 CGG expansion and age in both sexes.
RESULTS
We performed FREE2 methylation analysis using the MALDI-TOF MS EpiTYPER system in 119 males including 17 healthy controls (CGG,40), 38 PM (CGG 55-170), 64 FM (213-1500) and in 368 females including 104 healthy controls (CGG,40), 138 PM (CGG 55-170) and 126 FM (CGG 213-200). We have analysed 5 CpG units representing 12 CpG sites (Fig. 1A) . It is important to note that methylation analysis of CpG 6/7, 8/9 and 10 -12 cannot be separated into single CpG resolution. This is because the fragments generated for these are of the same size (generated through T cleave) as previously described (17, 18) .
For the male controls, the maximum methylation output ratio (MOR) for 5 CpG units was ,0.11 (Fig. 1B, horizontal  line) . For female controls, the maximum MOR varied particularly at the exon 1/intron 1 boundary, between 0.27 and 0.52 (Fig. 1C, horizontal line) . None of the PM samples from males showed a MOR above the maximum value of the control range, while for females, between 2 (3 out of 138) and 12% (17 out of 138) of PM samples showed a MOR above the maximum control value. The number of these hypermethylated PM samples varied between CpG units, with CpGs 1, 6/7 and 10-12 2% and CpGs 2 and 8/9
10%, of all PM female samples examined. We also determined the MOR in samples with 100-250 CGG triplet repeats that had a MOR above the maximum value of the controls to identify the 'borderline repeat range' of the expansion that leads to FMR1 exon 1 and intron 1 hypermethylation in FM males and females. While for males there was a sharp separation in the MOR at 210 CGG repeats for all CpG units examined (Fig. 1B, vertical line) , for females this separation varied between CpG units particularly at the exon 1/intron 1 boundary, between 153 and 230 CGGs (Fig. 1C, vertical line) .
The Shaprico -Wilk test showed that, for all FM males and females with the MOR above the maximum value of the control group, the distribution was not normal (P , 0.05). We therefore used the non-parametric Mann -Whitney test to examine the difference in the median of MOR values between hypermethylated FM males and females. Results presented in the Table 1 and Figure 2 show that methylation for all CpG units in FM males was significantly elevated (one-side P-value) compared with hypermethylated FM females. While for FM males the MOR for most units was between 0.7 and 1, for females this MOR range was generally between 0.4 and 0.7, with distribution skewed towards the maximum control value, with no values reaching 1. Although methylation-sensitive Southern blot analysis of the NruI restriction site within the CpG island (Fig. 1A) indicated that all the samples from FM males were fully methylated, analysis of the FREE2 sites (located .1 kb downstream) indicated that at least half of these were methylation mosaics, within exon 1 and intron 1 sequences.
We have also explored the contribution of CGG size and age to differences in MOR distribution in FM males and females. In FM males, there was a significant increase in the MOR with an increase in CGG size (Table 2) , and age (Table 3) . In FM females, the CGG size was not significantly Human Molecular Genetics, 2013, Vol. 22, No. 8 1517 associated with the MOR for any of the CpG units (for all CpG units P . 0.2). However, the MOR for CpG unit 1 (in exon 1) and CpG unit 6/7 (in intron 1) showed significant negative association with age from birth to puberty (with break points between 11.1 and 10 years; with P ¼ 0.025 and 0.030, respectively). There was no significant relationship with age for MOR of these CpG units after puberty to 80 years of age ( Fig. 3 and Table 4 ).
Comparison between different regression models showed that the segmented linear regression models had a higher R 2 values and lower Akaike information criterion (AIC) values than linear regression models, and hence were considered as better fitted models (Table 4) . Furthermore, we did not find relationships between CGG size and age to be significant in either FM males or females, suggesting that the differences in the MOR observed in FM groups are not due to somatic stability of the repeat size over time.
DISCUSSION

Relationship between FREE2 methylation and CGG size in males and females
Our results from this and previous studies (19) show that similar to Southern blot, FREE2 methylation can be used to differentiate hypermethylated FM from large unmethylated PM alleles, notably in both sexes. In this study, methylation of FMR1 exon 1 and intron 1 sequences in males showed a sharp increase in the MOR at 200 CGG repeats for all CpG units examined. This increase, however, was more ′ of the FMR1 CGG expansion (sequence numbering from GenBank L29074 L38501) in relation to FMR1 and ASFMR1 transcription start sites (the broken lines indicated spliced out regions), FREE2 and the FMR1 CpG island and methylation-sensitive restriction sites (NruI, EagI and BssHII) analysed using routine fragile X Southern blot testing. A CGG repeat is located within the 5' (UTR) of the FMR1 gene. ASFMR1 spans the CGG expansion in the antisense direction and is also regulated by another promoter located in the exon 2 of FMR1. The FREE2 region is located downstream of the CGG expansion, with CpG1 and 2 located within the 3 ′ end of FMR1 exon 1; CpG6/7, 8/9 and 10-12 located within the 5 ′ end of FMR1 intron 1. (B) 119 males with CGG size ranging between 22 and 2000 repeats. (C) 368 females with CGG size ranging between 21 and 1500 repeats. Note: PM/FM mosaic individuals and 'high functioning' unmethylated FM males as determined by methylation-sensitive Southern blot were not included. For females only the size of the smallest size expanded allele is presented on the x-axis. If a FM allele was identified as a smear; the lowest CGG size expanded allele was presented on the x-axis for both FM males and females. The horizontal-broken line represents the maximum MOR value for the control group with CGG,40, with this value indicated above this line, with an exception of CpG6/7 where one control outlier at the MOR of 0.63 was not considered as the maximum control value. The perpendicular-broken line represents the minimum MOR value between 100 and 300 CGG repeats which is above the maximum value of the control group.
1518
Human Molecular Genetics, 2013, Vol. (20) . Our data show a PM/FM 'borderline range' (153 -230 CGG repeats) in female samples that is most notable at CpG units 2 and 6/7, which are located on either side of the FMR1 exon 1/intron 1 boundary (Fig. 1A) . Because this unusual PM/FM 'borderline range' is not found in males, it suggests association between abnormal methylation at the boundary and skewing of X inactivation in FMR1 expansion carrier females.
FREE2 methylation and skewed X-inactivation in FM females
Previous studies have shown the FMR1 locus to be methylated as part of X-inactivation and for the gene not to be expressed from the allele on the inactive X chromosome (21) . Thus, healthy females who have CGG repeats within the normal range (,40 repeats) should have random methylation of either one of the FMR1 alleles through X-inactivation, with total FMR1 promoter methylation of 50%. For asymptomatic FM females who also express FMR1 at normal levels, the normal unmethylated FMR1 allele would be expected to be on the active X chromosome with the methylated FM allele on the inactive X for most of the cells. These females would also have total FMR1 promoter methylation of 50%. In contrast, for severely affected FM females with a completely silenced FMR1, the fully methylated allele would be expected to be on the active X and the normal size allele would be on the inactive X. For most of their cells, the total FMR1 promoter methylation would be expected to reach 100% since the normal allele would be also fully methylated due to Xinactivation. However, if X-inactivation was random, for most FXS affected FM females methylation would be expected to be 75%, with half of the cells having methylation equivalent to that of asymptomatic FM females (25% contribution to methylation), while the other half would have methylation equivalent to that of severely affected FM females (50% contribution to methylation). This would mean that there would be a normal distribution of methylation values for FM females, with a mean of 75% and with lower and higher tails of the distribution approaching 50 and 100%, respectively. However, our results show that, in contrast to FM males, for hypermethylated FM females none of the FREE2 CpG units have a MOR approaching 1 ( 100% methylation) (Fig. 2) . For FM females, the MOR values of the FREE2 sites which are methylated above the normal range are skewed towards the 40% methylation mark (the normal methylation range in a cohort of 368 females). In contrast, the distribution of abnormally methylated alleles in FM males is skewed towards 100% methylation. This suggests that X-inactivation is not random in FM females and that there is always some residual FMR1 activity, which may explain why FM females with FXS are generally less severely affected than FM males (20) .
The main limitation of the current study is that while we report significant skewing towards the unmethylated state in the blood of FM females, it is not clear to what degree FREE2 methylation is or is not skewed in the neurons that are relevant to the underlying pathology of FXS. While this should be explored in future studies, the main line of evidence that already suggests that these findings are relevant to what is happening in the brains of FM females is our recent observation of a significant association between FREE2 methylation in the blood and the type and severity of cognitive impairment in a pilot cohort of 18 FM females (11) .
The proposed influence of the FM allele on random Xchromosome inactivation in multiple cell types is consistent with the earlier proposal by Laird (22) . Mechanistically, this might be explained by selection for FMRP in a proportion of cells (20, 23) . The FMRP selection hypothesis is supported by the recently described role of FMRP in cell-cycle control during development, cell proliferation (24), inhibition of apoptosis, particularly in neurones (25) and increase in the number FMRP positive cells over time in long-term cultures of PM/FM mosaic fibroblasts (23) .
The primary role of FMRP in neurons is in maintenance of synaptic function (26) . This is clearly not its role in the blood as FM males with severe neurodevelopmental changes and silenced FMRP expression show no obvious impairment in blood cell function (27) . An alternative hypothesis could be that FM alleles in a proportion of cells promote 'escape from methylation' related to X-inactivation in a cell typeindependent manner. This could be effected through the expression of ASFMR1/FMR4 long-non-coding RNA at the locus (28, 29) . This second postulate is supported by previous studies describing 'escape from X-inactivation' which was specific to X chromosome loci expressing long-non-coding RNA (30) .
Non-random X-inactivation and relationship with age and CGG size in FM females
A number of studies utilizing methylation-sensitive Southern blot analysis have also provided evidence suggesting that Xinactivation skewing towards the normal allele (cells with the expanded allele predominantly found on the inactive X) is significantly associated with age in FM, but not in PM females (27, 31) . Others have found skewing of 'X-chromosome inactivation towards the normal allele unmethylated state in higher end CGG size PM females (100-180 repeats) (32), but its relationship with age was not examined. We have found no significant relationship of FREE2 methylation with age in control and PM female groups, and no evidence for significant X-chromosome inactivation skewing associated with an increasing CGG size in the PM range in our current and previous studies (19) . While there was also no relationship found with CGG size in the FM female group, we did find significant skewing towards the unmethylated state in CpG units most proximal to the exon 1/intron 1 boundary (the MOR values of the control range, Fig. 3 ). This skewing in FM females was most significant from birth to puberty, after which there was no relationship between methylation and age. It is also notable that these significant relationships with age in FM females were not observed for FREE2 CpG8/9 and 10-12, which are located within intron 1, most distant from the CGG expansion. Together these findings suggest that differences in methylation values increase with distance from the CGG expansion. The inference here is that in FM females, depending on the CpG sites analysed, prognostic value may change, particularly if these analyses are performed in early childhood.
Relationships between FREE2 methylation, age and CGG size in FM males
The age-dependent mechanism of epigenetic modification appears to be different in FM males compared with females. First, it is evident in FM males that methylation of 3 CpG units, representing methylation of 8 out of 12 CpG sites examined (Table 3) , significantly increases steadily over the lifetime. This is consistent with our observation that at least half of all FM males with 100% methylated NruI restriction site at the CpG island (according to Southern blot) are partially methylated within FREE2 (Figs. 1 and 2 ). Since males with the 100% methylated CpG island should not express FMRP, the selection for FMRP positive cells that we suggest contributes to methylation skewing in FM females would not apply to males. Secondly, the direction of the correlation between age and FREE2 methylation is different between males and females. Thirdly, correlations of the CGG size beyond 200 repeats and FREE2 methylation are significant in males but not in females. Together these observations suggest that in FM males with the FMR1 promotor methylated ,100%, the CGG expansion is associated with slow accumulation of methylation over time at the exon 1/intron 1 boundary. In contrast, there are no significant changes in methylation after puberty in FM females. Further functional studies are required to clarify if the point of epigenetic differentiation between FM males and females is the somatic contribution of X-inactivation over time. In summary, while it is widely accepted that methylation analysis is of fundamental importance in diagnostic testing for FXS and other FMR1-related disorders, there are gaps in understanding the relationship between the changes in the epigenetic status and the expansion size on the larger portion of the FMR1 promoter beyond the FMR1 CpG island. Here, we examined the relationship between age, CGG size and methylation of the FREE2 sites at the FMR1 exon 1 and intron 1 boundary. By comparing the methylation of these sites in a large cohort of expansion carriers, we determined that the 'borderline range' of CGG triplet expansion that leads to FMR1 exon 1 and intron 1 hypermethylation is different in males and females. We have also shown that, in contrast to males, the FMR1 exon 1 and intron 1 DNA sequences downstream of the CGG expansion in FM females are never fully methylated, demonstrating that the methylation resulting from X-inactivation in FM females at this locus is not random. This observed preference for the unmethylated state in FM females was found to be most significant from birth 
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to puberty, but only for the CpG units most proximal to the CGG expansion. In FM males, however, there was a steady significant increase in methylation of all CpG units over the life time, which may explain the more severe phenotype in FM males and the greater variability in the phenotype of FXS females. The methylation status of intron 1 CpG10-12 most significantly related to cognitive impairment in our earlier study (19) , and most distant from the CGG expansion, did not change significantly with age in FM females. This suggests that the prognostic value of FXS methylation at different CpG sites is not uniform, and may need to be evaluated for each targeted biomarker site taking age-related changes into consideration.
MATERIALS AND METHODS
Participants
The patient cohort consisted of 487 individuals (119 males and 368 females), with samples collected from birth to 82 years of age in males, and birth to 80 years of age in females. Of these, 436 were expansion carriers and control blood DNA samples collected as part of FXS cascade testing and routine molecular microarray testing through Victorian Clinical Genetics Services (VCGS) and the Greenwood Genetic Center as described previously (33) . All samples were de-identified before use in this study. Additional 23 PM and 28 FM participants were recruited through the VCGS and the M.I.N.D. Institute, University of California at Davis Medical Center, Sacramento, from families seen at the Fragile X Treatment and Research Center through a collaborative genotype -phenotype NICHDfunded study. The study was approved by the Royal Children's Hospital Human Research Ethics Committee, Victoria, Australia and by the Institutional Review Board of the University of California at Davis.
Molecular studies
Processing of DNA samples and the assessment of the size of CGG repeat from the extracted DNA was conducted using a fully validated PCR amplification assay (34, 35) . CGG repeat sizing and methylation of the FMR1 CpG island restriction sites of all samples .55 repeats was also performed using a methylation-sensitive Southern blot procedure with appropriate normal and abnormal controls, as previously described (36) . Briefly, EcoRI and NruI digestion was performed on 7-9 mg of DNA. The FMR1 alleles were detected using the StB12.3 probe, labelled with Dig-11-dUTP by PCR (PCR Dig Synthesis kit; Roche Diagnostics). Southern blot methylation for the expanded FMR1 alleles was determined as previously described with alleles classified as either unmethylated, partially methylated or fully methylated (16, 37) . Alleles at CGG sizes .150 repeats that were methylated by Southern blot were classified as FM; alleles between 55 and 200 repeats that were unmethylated by Southern blot were classified as PM. FREE2 methylation was assessed in the same samples using the Sequenom EpiTYPER system, as previously described (17, 35, 36) . FREE2 methylation analysis for each sample was performed in duplicate, giving two separate MORs, averaged to take account of combined technical variation resulting from bisulfite conversion, PCR and mass cleave reactions.
Data analysis
For both FM males and females, the smallest expanded CGG triplet allele was included when examining relationships between methylation and CGG size, as described previously (20) . FM/PM mosaic individuals as classified by Southern blot were excluded from these analyses. Testing for normality of the MOR distribution was conducted using the ShapricoWilk test at the significance level of P ¼ 0.05. Depending on the results of this test, either the two-sample t-test for the means, if the data were normal, or non-parametric MannWhitney test for median, if the data were non-normal, was used. Non-parametric regression using locally weight smoothing (LOWESS) was used to explore the natural relationship between each CpG MOR (outcome variable) and age. Initial analyses using this method suggested that for FM female data each of outcome variable has a non-linear relationship with age, with the initial linear inverse relationship which then leveled out. For FM male data the relationship was linear from birth to 82 years of age. Therefore, we fitted the robust linear regression models for FM males and segmented linear regression models to FM females. The later method allows for different slopes for each interval of age, while the former method down-weighing the effect of outlier observations. The goodness of fit of a model was assessed using the coefficient of determination (R 2 ), ranging from 0 to 1, and Akaike information criteria (AIC). An R2 value approaching 1, and lower AIC indicated a better predictor. We used these measures to compare the performance of linear and segmented linear regression models for FM female data. All analyses were conducted using the publicly available Conflict of Interest statement. D.E.G. is an inventor on a patent related to the technology described in this article. R.J.H. has received grant funding from Roche, Novartis, Seaside Therapeutics, Forest and Curemark for treatment studies in fragile X syndrome or autism. She has also consulted with Novartis regarding treatment of fragile X syndrome. The other authors declare that they have no conflicts of interest. . Segmented linear regression model comparison between age (x-axis) and methylation output ratio (y-axis) within the FREE2 region of 104 FM females with CGG size ranging between 21 and 1500 repeats. The perpendicular-broken line represents the 'break point' age estimated using the segmented linear regression model as detailed in Table 3 . From birth to the 'break point' age there was significant inverse relationship with MOR for CpG 1, 2 and 6/7, but not CpG8/9 and 10-12. At the ages past the 'break point' there was no significant relationship with MOR observed for any of the CpG units. The horizontal-broken line represents the maximum MOR value for the control group with CGG,40, with this value indicated next to this line, with an exception of CpG6/7 where one control outlier at the MOR of 0.63 was not considered as the maximum control value. Note: PM/FM mosaic individuals and FM methylation mosaics as determined by methylation-sensitive Southern blot were not included. 
